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Abstract. 
 We report the observation of room-temperature magnetic skyrmions in Pt/Co/Os/Pt thin-
film heterostructures and their response to electric currents.  The magnetic properties are extremely 
sensitive to inserting thin Os layers between the Co-Pt interface resulting in reduced saturation 
magnetization, magnetic anisotropy and Curie temperature. The observed skyrmions exist in a 
narrow temperature, applied-field and layer-thickness range near the spin-reorientation transition 
from perpendicular to in-plane magnetic anisotropy. The skyrmions have an average diameter of 
2.3μm and transport measurements demonstrate these features can be displaced with current 
densities as low as J = 2x104 A/cm2 and display a skyrmion Hall effect. 
  
                                                     
* Corresponding author: efullerton@ucsd.edu 
Skyrmions are topologically protected magnetic domain structures that have attracted 
considerable interest given the rich new physics these textures possess [1-4]. These spin textures 
were first observed in bulk magnets lacking inversion symmetry at low temperatures [5-8]. In these 
materials, the broken symmetry gives rise to a skew exchange interaction, commonly known as 
the Dzyaloshinskii–Moriya interaction (DMI) [9, 10], that stabilizes a helical spin structure at 
remanence. Under the application of a perpendicular magnetic field, the helical spin configuration 
undergoes a magnetic phase transformation into a hexagonal skyrmion lattice [5-8]. Their 
topological nature enables unique properties such as current-driven motion with low current 
density [11, 12], insensitivity to defects [13, 14], topological Hall effect [15-17], skyrmion Hall 
effect [18-20], and non-trivial skyrmion spin wave dynamics resulting from microwave 
perturbations [21-23]; among other characteristics. As a result, these textures have been suggested 
as a building block for next generation non-volatile memory and logic devices [13, 24-27]. 
There are increasing research efforts to develop thin-film hetero-structured materials that 
form skyrmions at room temperature and are controllable with electrical currents. The observation 
of a sizeable interfacial DMI resulting from interfacing thin ferromagnetic films with a non-
magnetic layer that possesses high spin-orbit coupling (e.g. 5-d transition metals such as Ta, W, 
Pt, Ir, etc.) [28-33] provides a pathway to engineer material properties to form skyrmions in thin 
films. Trilayer ferromagnetic heterostructures exploiting interfacial DMI and asymmetric 
interfaces are particularly attractive materials systems. Examples of reported materials systems 
where skyrmions are observed include Ta/CoFeB/TaOx [33], Ta/CoFeB/MgO [34], Pt/Co/Ta [34], 
and Pt/Co/Ir multilayers [35]. This approach has produced most of the materials showing room-
temperature skyrmions with the exception of a few crystal plates [36-39] and topologically-
equivalent dipole-stabilized skyrmions [40-42]. So far, the tuning of interfacial DMI has mostly 
focused on 5-d transition metals do to their high atomic number Z and corresponding high spin-
orbit coupling. 
Here, we report the observation of DMI-stabilized skyrmions in Pt/Co/Os/Pt thin-film 
heterostructures. Os is a 5-d transition metal located between Re and Ir but there are no reports on 
contributions to interfacial anisotropy, DMI or skyrmion formation in thin-film heterostructures. 
We find that adding a thin Os layer (~ 0.2 nm) into a Pt/Co/Pt structure between the Co and top Pt 
layer dramatically alters the magnetic properties enabling the formation of room-temperature 
skyrmions. We observe the skyrmions exist in narrow materials composition, magnetic field and 
temperature window and are highly thermally active. The skyrmion features (average diameter 
~2.3 μm) are of comparable size to those reported for heavy-metal broken symmetry trilayer thin-
film structures [33,43]. The skyrmions can be moved with low current densities (~4x104A/cm2) 
and we observe the skyrmion Hall effect when moving the skyrmions with relatively low current 
density (~106A/cm2) comparable to other DMI skyrmions that form in ferromagnetic trilayers 
[33,43].  
The ferromagnetic Pt/Co/Os/Pt thin-films are sputter deposited at ambient temperature in 
a 3-mTorr Ar pressure. The sputter system base pressure was < 3x10-8 Torr. The films investigated 
have the following structure: SiOx/Ta(5 nm)/Pt(3 nm)/Co(1.2 nm)/Os(𝑡𝑂𝑠)/Pt(3 nm)/Ta(5 nm) in 
which the Os layer thickness is varied from 𝑡𝑂𝑠 = 0 nm to 0.4 nm. The samples were deposited on 
Si substrates with a native oxide layer for magnetic characterization and Si/SiOx substrates with a 
300-nm thermal oxide layer for transport measurements. Magnetic hysteresis measurements were 
characterized using a Quantum Design Versalab equipped with a vibrating sample magnetometer 
and magneto-optical Kerr effect (MOKE) hysteresis measurements. The field- and temperature-
dependent domain morphology was imaged with by MOKE microscopy using an Evico Magnetics 
microscope utilizing a Zeiss 20X and 50X magnifying lenses with a spatial resolution of 660 and 
250 nm/pixel, respectively.  
 Figure 1 highlights the room-temperature magnetic properties and domain morphology at 
zero-field of Pt/Co/Os(𝑡𝑂𝑠)/Pt heterostructures for 𝑡𝑂𝑠 = 0, 0.1, 0.2 and 0.4 nm. The room-
temperature hysteresis loops are shown in Figs. 1a-d. For the reference Pt(3 nm)/Co(1.2 nm)/Pt(3 
nm) structure (Os thickness 𝑡𝑂𝑠 = 0 nm) we observe the expected square loop with full remanence 
and a coercivity field of Hc = 164 Oe (Fig. 1a). This is consistent with numerous previous studies 
of Pt/Co/Pt structures [44]. For Pt/Co/Os(𝑡𝑂𝑠= 0.1 nm)/Pt, the magnetic hysteresis loop continues 
exhibiting a square loop with full remanence (Fig. 1b) but the coercive field decreases to Hc = 150 
Oe with a slight decrease in the saturation magnetization (MS = 950 emu/cm
3). Increasing the Os 
thickness to 𝑡𝑂𝑠 = 0.2 nm (Fig. 1c) which corresponds to roughly one monolayer results in a 
dramatic reduction of the room-temperature coercive field to Hc ~ 1 Oe and saturation 
magnetization (MS = 290 emu/cm
3). Further increasing the Os thickness to 𝑡𝑂𝑠 = 0.4 nm produces 
a spin-reorientation transition of the magnetization from perpendicular to easy-plane anisotropy 
and a further reduction of the saturation magnetization. The out-of-plane magnetic loop appears as 
a hard-axis and the sample saturates in a field of Hk = 500 Oe (Fig. 1d). 
 To further understand the effects of introducing an Os interface, we inspected the 
perpendicular domain morphology of Pt/Co/Os(𝑡𝑂𝑠 = 0, 0.1, 0.2, 0.4 nm)/Pt heterostructures using 
polar-MOKE microscopy at room temperature (Fig. 1e-h). The magnetic domains are represented 
by variations of intensity that result from small alterations of the polarization when the incident 
light is reflected off the magnetic domains. Figures 1e and 1f shows a snapshot of a magnetic 
domain at zero-field for Os thickness 𝑡𝑂𝑠 = 0 nm and 𝑡𝑂𝑠 = 0.1 nm that was captured by slowly 
approaching the coercivity field and then reducing the field to remanence. In such a procedure, a 
single domain is trapped in the image showing that the field reversal is controlled by domain wall 
motion and the characteristic domain size is large as expected for thin Pt/Co/Pt films [44]. For 
Pt/Co/Os(𝑡𝑂𝑠 = 0.2 nm)/Pt we observe a dramatic decrease in the domain size where the remanent 
magnetization state consists of labyrinth stripe domains with an average domain periodicity of 4.4 
μm. These small domain features are usually observed in [Pt/Co]xN multilayers with larger N 
repetitions [44, 45] and are not characteristic of thin Pt/Co/Pt films. Typically, magnetic domain 
morphologies are formed in thicker films because there is higher magnetostatic energy 2𝜋𝑀𝑆
2  and 
in order to minimize the total magnetic energy, magnetic domain walls are introduced which 
results in perpendicular magnetic domains of varied shape and size [46, 47]. Here, the observation 
of these small domains suggests there is an additional energetic contribution that lowers the 
domain wall energy. As will be discussed, this suggest the presence of DMI is at least partly 
responsible for the formation of these small domain features. Increasing the Os thickness to 𝑡𝑂𝑠 = 
0.4 nm results in an image with uniform illumination across the field of view consistent with the 
magnetization being in the easy plane with no perpendicular magnetic domains present (Fig. 1h). 
 Figure 2 shows the room-temperature field-dependent domain morphology of the Pt/Co/Os 
(𝑡𝑂𝑠 = 0.2 nm)/Pt sample. These images are captured as a perpendicular magnetic field is applied 
from zero-field towards magnetic saturation. At zero-field, the domain morphology consists of 
disordered stripe domains (Fig. 2a). The enclosed region in Fig. 2a is enlarged in Fig. 2b. We also 
observe the disordered stripe domains fluctuate in real-time (Supp. Movie 1), a characteristic state 
that has been observed when the magnetic system is close to a magnetization spin-reorientation 
transition [48] or the Curie temperature [49, 50]. As the magnetic field is increased, the extremities 
of the stripe domains begin to collapse into cylindrical-like magnetic features. We identify these 
cylindrical magnetic domains as DMI skyrmions based on their response to an applied current. At 
Hz = 0.7 Oe the domain morphology consists of a closed-packed mixture of disordered stripe 
domains and skyrmions (Fig. 2c, d). Increasing the field, the remaining stripe domains will 
collapse to form a closed packed lattice of skyrmions (Fig. 2e, f). The skyrmion lattice does not 
have long range order as commonly observed in bulk crystal magnets where Bloch-type DMI 
skyrmions have been reported [5-8]. We also observe the diameter of the skyrmion features does 
not vary significantly over the field of view (Fig. 2e, h). Typically, ferromagnetic heterostructures 
with heavy metal broken symmetry result in DMI skyrmions with varied diameter [34,35,43,51] 
and this has been correlated to non-uniformity of the heavy metal interface [51,52]. In our case, 
we can ascertain the effects of the Os interface is relatively uniform across the surface of the film. 
In addition, we also observe real-time thermal fluctuations of the skyrmion domains (Supp. Movie 
2). As the magnetic field is further increased, the skyrmions begin to collapse as we approach 
magnetic saturation. At Hz=1.8 Oe, the domain morphology consists of a disordered skyrmion 
phase (Fig. 2g, h). Similar to other interfacial DMI skyrmion materials [33,43], the Pt/Co/Os (𝑡𝑂𝑠 
= 0.2 nm)/Pt film require low magnetic fields (Hsat < 5 Oe) to saturate.  
 Figures 3 and 4 highlight the temperature dependence of the magnetic properties. The 
temperature dependence of MS for Pt/Co/Os(𝑡𝑂𝑠 = 0, 0.1, 0.2, 0.4 nm)/Pt heterostructures are 
shown in Fig. 3. As seen in Fig. 1 the introduction of Os interface results in dramatic reduction of 
MS that persists for all temperatures and there is a corresponding reduction of the Curie 
temperature. The symmetric Pt/Co/Pt and the Pt/Co/Os(𝑡𝑂𝑠 = 0.1 nm)/Pt heterostructure exhibits 
a magnetization that does not vary greatly with temperature between the 50K and 375K suggesting 
a Curie temperature well above room temperature. As the Os thickness is further increased to 𝑡𝑂𝑠 
= 0.2 nm, MS drops by over half compared to the symmetric Pt/Co/Pt film and a somewhat lower 
MS is observed for Os thickness of 𝑡𝑂𝑠 = 0.4nm (Fig. 1e).  Also there is a dramatic reduction the 
Curie temperature to below 400 K for 𝑡𝑂𝑠 ≥ 0.2 nm. 
 Figure 4 shows the temperature and magnetic-field-dependent measurements of the 
Pt/Co/Os(𝑡𝑂𝑠 = 2nm)/Pt sample near room temperature where the skyrmion phase is observed. For 
the images the magnetic field is applied after positive magnetic saturation. At T = 295 K, the 
perpendicular magnetic hysteresis exhibits a loop with full remanence and a coercive field Hc = 
0.65 Oe. As expected for a nearly square loop the domain reversal revolves via the nucleation and 
domain growth as seen in Fig. 4b. Further decreasing the field, Hz = -1.3 Oe, we observe the 
domain morphology consists of disordered stripe domains at the tail of the magnetic loop (Fig. 
4c). At T = 297 K, the hysteresis loop no longer shows full remanence and magnetic reversal 
begins at a positive nucleation field of Hn = 0.25 Oe. Near the coercive field, Hz = -0.4 Oe, the 
film forms perpendicular stripe domains as shown in Fig. 4d. Decreasing the field to Hz = -0.8 Oe, 
causes the extremities of the stripe domains to contract and their width to decrease (Fig. 4f). As 
the magnetic field is further increased the stripes will eventually collapse into disordered 
cylindrical magnetic domains before the film saturates. The latter is the typical field-dependent 
evolution of perpendicular magnetic stripes [46,53,54]. At T = 299 K, the magnetic loop continues 
to exhibit characteristics associated with the presence of perpendicular stripe domains, but now 
the nucleation field Hn has shifted to a higher positive field, Hn = 1 Oe (Fig. 4g). The field 
dependent domain morphology is comparable to the one previously described in Fig. 2: at 
remanence the film exhibits disordered stripe domains, while under positive and negative 
perpendicular fields, three different magnetic states are observed: coexisting stripes and skyrmions 
(Fig. 4h), skyrmion lattice (Fig. 4i), and then disordered skyrmions as highlighted in Figs. 2g and 
h. At T = 301 K, the magnetic loop has features associated with magnetization along the easy 
plane, yet the hysteresis is not closed and the film continue to exhibit a nucleation field at Hn = 2 
Oe (Fig. 4j). The field-dependent domain morphology is comparable to 299K, but consists of 
smaller magnetic features, such as disordered stripe domains with a periodicity of 3-μm at zero 
field and 2.5-μm skyrmion features at Hz = -1.4 Oe. We also find the closed-packed lattice exists 
for a wider range of magnetic fields, Hz = -0.9 Oe to Hz = -1.6 Oe. At T = 303 K, the magnetic 
loop suggests the magnetization now lies in the plane of the film given the nucleation field has 
become the saturation field and the loop does not exhibit hysteresis (Fig. 4m). Conversely, there 
is no evidence of perpendicular magnetic domains as a function of applied field (Fig. 4n, o).   
 As seen in Fig. 4 the emergence of the skyrmion phase is extremely sensitive to temperature 
and magnetic fields.  Because of this sensitivity we also observe that small variations in the sample 
structure can shift the transition.  Samples with nominally the same structure can have the skyrmion 
phase region shift in temperature. However, for each sample we observe the skyrmion phase near 
the spin-reorientation transition from out-of-plane to in-plane magnetization with temperature. The 
appearance of small domains near the spin reorientation has been observed in a number of 
magnetic thin film systems either from changing temperature or changing film thickness [55-58]. 
At the transition where the shape and crystalline anisotropy are balanced, the average domain size 
tends to decrease dramatically and in some cases small bubble domains can be observed [57]. Thus 
the presence of the bubbles observed in the microscope image does not necessarily mean they are 
skyrmions or have a preferred chirality. In magnetic films or crystal platelets, the topology of 
magnetic skyrmions can be verified by directly imaging the spin textures with Lorentz 
transmission electron microscopy, a real-space imaging technique [7,58]. Alternatively, one can 
study the response of the spin textures to currents to determine if they possess a uniform chiral 
topology. Since skyrmions possess a topological charge, these textures will displace along a 
transverse direction relative to the current driving direction resulting from the topological Magnus 
force. The transverse displacement of the skyrmions is commonly known as the skyrmion Hall 
effect [18-20].  
 To demonstrate the cylindrical-like magnetic features observed in Pt/Co/Os/Pt films are, in 
fact, DMI skyrmions with a common chirality, we patterned continuous films into devices with 
20-μm wide wires (Supp. Fig. 1, insert). The cylindrical-like magnetic domains are stabilized 
under the application of a perpendicular magnetic field, Hz = 0.9 Oe, and a d.c. electric current is 
applied along the length of the wire. We observe the skyrmion move the direction of the current 
flow and start to move at current densities as low as 2x104 A/cm2 and the average speed initially 
increases linearly with current (Supp. Fig. 1). The fact that the skyrmions all move in the direction 
of the current flow suggests a common chirality. However, we were not able to observe the 
skyrmion Hall effect within the wire because of the temporal resolution of the microscope and the 
limited wire width. To observe the manifestation of the skyrmion Hall effect we monitored the 
skyrmion motion from a wire into an extended film. Figure 5 shows polar-MOKE microscopy 
snapshots of the skyrmion domains at different time intervals t while a constant current density of 
amplitude J = 1x106 A/cm2 within the wire flows along the patterned wire into the full film. After 
saturating in a positive field and applying a small negative out-of-plane field, the magnetic 
domains appear as white-contrast features and within the field-of-view there exists a combination 
of cylindrical-like magnetic domains and stripe domains at t = 0 s (Fig. 4a). When the electric 
current flows through the wire, we observe the magnetic features begin to flow in the direction of 
the current flow and then emerge into the full film (Supp. Movie 3). Since the current density is 
much higher in the wire, the domain features are displaced at higher speeds within the wire than 
in the full film and we do not have the temporal resolution to track the skyrmions in the wire. 
However, it is observed that the cylindrical features exiting the wire move transverse to the 
direction of the current flow and these textures begin to accumulate on the left-hand side (LHS) of 
the full film. Snapshots of the time-varying domain morphology at t = 5 s (Fig. 4b), t = 12 s (Fig. 
4c) and t = 21 s (Fig. 4d) show the population of skyrmions textures accumulated on the LHS 
increases and no cylindrical textures populate the right-hand side (RHS) of the full film. After 
saturation in a negative field and then applying a small positive magnetic field, the cylindrical 
magnetic domains appear as dark-contrast features (Figs. 4e-h) in the image. These features also 
displace transverse to the current direction; however, these textures accumulate on the RHS of the 
full film and the population of these textures increases with time (Figs. 4f-h). The difference in 
transverse motion for opposite magnetization spin textures suggests these domains are, in fact, 
DMI stabilized skyrmions with a fixed chirality [19, 20]. Since the Magnus force is given by ?⃗?  ×
?⃗?, where the gyromagnetic coupling vector ?⃗?  = (0, 0, -4Q) and ?⃗? is the skyrmion velocity, we 
can infer that the skyrmions topological charge from the transverse motion. Based on the skyrmion 
displacement relative to the current flow and the polarity of the perpendicular magnetic field infer 
that the skyrmions that form under negative fields possess a topological charge of Q = -1 (Figs 4a-
d); conversely, positive fields results in skyrmions with Q = +1 (Figs. 4e-h) [19, 20, 43]. From this 
we can determine that the sign of the DMI is negative if arising from the bottom Pt/Co interface 
which is in agreement with previous measurements [28, 60]. Since the motion of skyrmions is in 
the direction of the current flow we cannot ascertain whether the mechanism driving the 
displacement is spin-orbit-torque but we believe the motion results from the SOT arising from the 
bottom Pt layer in agreement with previous studies of Pt/Co-based heterostructures [61, 62].  
In conclusion we have explored the magnetization, anisotropy and formation of DMI 
skyrmions in Pt/Co/Os/Pt heterostructures that form in narrow composition, temperature and 
magnetic field window. The skyrmion features appear in an energetic region near the temperature 
driven magnetization spin reorientation from out-of-plane to in-plane anisotropy. We have also 
shown that these skyrmion features can be displaced with low current densities that are comparable 
to those used to displace DMI skyrmions that form in non-centrosymmetric bulk magnets and 
display a skyrmion Hall effect.  
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 Figure 1: (a-d) The magnetic hysteresis loops for Pt/Co/Os(𝑡𝑂𝑠)/Pt films with (a) 𝑡𝑂𝑠 = 0 nm, (b) 
𝑡𝑂𝑠 = 0.1 nm, (c) 𝑡𝑂𝑠 = 0.2 nm, and (d) 𝑡𝑂𝑠 = 0.4 nm measured at T = 300K under an out-of-plane 
magnetic field.  (e-h) The domain morphology at remanence for the Pt/Co/Os(t)/Pt films with (e) 
𝑡𝑂𝑠 = 0 nm, (f) 𝑡𝑂𝑠 = 0.1 nm, (g) 𝑡𝑂𝑠 = 0.2 nm, and (h) 𝑡𝑂𝑠 = 0.4 nm is obtained with polar-MOKE 
microscopy at T = 300K. The scale bar in (e) corresponds to 25μm.  
 
  
 
 
 
 
 
 
 
 Figure 2: Field dependent domain morphology of Pt/Co/Os(𝑡𝑂𝑠 = 0.2 nm)/Pt at 300K. The images 
are captured as a perpendicular magnetic field is applied from zero-field towards positive magnetic 
saturation. The black features depict magnetization (-mz) and the gray regions represent 
magnetization (+mz). Different magnetization states are observed as a function of applied magnetic 
field: (a) disordered stripe domains, (c) coexisting stripe and skyrmions, (e) closed packed 
skyrmion lattice and (g) disordered skyrmions. The enclosed regions in (a, c, e, g) are enlarged to 
detail domain morphology in (b, d, f, h). The scale bar in (a) corresponds to 25μm. 
 
 
 
 
 
 Figure 3: The temperature dependence of the magnetization for the Pt/Co/Os(𝑡𝑂𝑠 = 0, 0.1, 0.2, 
0.4nm)/Pt films is detailed from 375K to 50K. Based on polar-MOKE microscopy measurements 
on Pt/Co/Os(𝑡𝑂𝑠 = 0.2 nm)/Pt, we have identified temperature regions that favor specific remanent 
domain states.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4: Temperature dependence of the polar-Kerr magnetic hysteresis and field-dependent 
domain morphology of Pt/Co/Os(𝑡𝑂𝑠 = 0.2 nm)/Pt at (a-c) T = 295 K, (d-f) T = 297 K, (g-i) T = 
299K, (j-l) T=301 K and (m-o) T=303 K. Images of the magnetic domain states are captured as 
the magnetic field is applied from positive to negative magnetic saturation. The scale bar in (c) 
corresponds to 25 μm. 
  
 
 
 
 
 Figure 5: Domain morphology snapshots of the current-induced displacement of skyrmion 
textures in Pt/Co/Os(𝑡𝑂𝑠 = 0.2 nm)/Pt at different time intervals (t = 0, 5, 12,  and 21 s) after the 
current is turned on. The dynamics are detailed for both perpendicular magnetization polarizations: 
(a-d) white contrast textures detail the (+mz) magnetization domains, whereas (e-h) black contrast 
show the (-mz) magnetization domains. The skyrmion textures are pushed along a 20μm wire, 
shown at the bottom portion each snapshot, with fixed current density J = 1x106 A/cm2 into the 
full film. The scale bar in (a) corresponds to 25μm.  
 
 
 
 
References: 
[1] F. Hellman et al., Rev. Mod. Phys. 89, 025006 (2017) 
[2] N. Nagaosa and Y. Tokura, Nature Nanotechnol. 8, 899 (2013). 
[3] H.-B. Braun, Adv. Phys. 61:1, 1 (2012).  
[4] A. Fert, N. Reyren and V. Cross, Nature Rev. Mat. 2, 17031 (2017). 
[5] S. Mühlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch, A. Neubauer, R. Georgii, and P. 
Böni, Science 323, 915-919 (2009) 
[6] W. Münzer, A. Neubauer, T. Adams, S. Mühlbauer, C. Fran, F. Jonietz, R. Georgii, P. Böni, 
B. Pedersen, M. Schmidt, A. Rosch, and C. Pfleiderer, Phys. Rev. B. 81, 041203(R) (2010). 
[7] X. Z. Yu, Y. Onose, N. Kamazawa, J. H. Park, J. H. Han, Y. Matsui, N. Nagaosa, and Y. 
Tokura, Nature 465, 901–904 (2010). 
[8] S. Seki, X. Z. Yu, S. Ishiwata, and Y. Tokura, Science 336, 198-201 (2012). 
[9] I. Dzyaloshinskii, J. Phys. Chem. Solids 4, 241–255 (1958). 
[10] T. Moriya, Phys. Rev. 120, 91 (1960). 
[11] X. Z. Yu, N. Kanazawa, W. Z. Zhang, T. Nagai, T. Hara, K. Kimoto, Y. Matsui, Y. Onose 
and Y. Tokura. Nature Comm. 3, 988 (2012). 
[12] X. Z. Yu, Y. Tokunaga, Y. Kaneko, W. Z. Zhang, K. Kimoto, Y. Matsui, Y. Taguchi and Y. 
Tokura. Nature Comm. 5, 3198 (2014).  
[13] A. Fert, V. Cros, and J. Sampaio, Nature Nanotech. 8, 152–156 (2013).  
[14] J. Sampaio, V. Cros, S. Rohart, A. Thiaville and A. Fert, Nature Nanotech. 8, 839-844 (2013). 
[15] A. Neubauer, C. Pfleiderer, B. Binz, A. Rosch, R. Ritz, P. G. Niklowitz, and P. Böni, Phys. 
Rev. Lett. 102, 186602 (2009).   
[16] N. Kanazawa, Y. Onose, T. Arima, D. Okuyama, K. Ohoyama, S. Wakimoto, K. Kakurai, S. 
Ishiwata, and Y. Tokura, Phys. Rev. Lett. 106, 156603 (2011). 
[17] Y. Li, N. Kanazawa, X. Z. Yu, A. Tsukazaki, M. Kawasaki, M. Ichikawa, X. F. Jin, F. 
Kagawa, and Y. Tokura, Phys. Rev. Lett. 110, 117202 (2013). 
[18] C. Reichhardt and C. J. O. Reichhardt, New J. Phys. 18, 095005 (2016). 
[19] W. Jiang, X. Zhang, G. Yu, W. Zhang, X. Wang, M. B. Jungfleisch, J. E. Pearson, X. Cheng, 
O. Heinonen, K. L. Wang, Y. Zhou, A. Hoffmann and S. G. E. te Velthuis, Nature Physics 
13, 162 (2017). 
[20] K. Litzius, I. Lemesh, B. Krüger, P. Bassirian, L. Caretta, K. Richter, F. Büttner, K. Sato, O. 
A. Tretiakov, J, Förster, R. M. Reeve, M. Weigand, I. Bykova, H, Stoll, G. Schütz, G. S. D. 
Beach, M. Kläui, Nature Phys. 13, 170 (2017). 
[21] M. Mochizuki, Phys. Rev. Lett. 108, 017601 (2012). 
[22] D. Rhlers, I. Stasinopoulos, V. Tsurkan, H.-A. Krug von Nidda, T. Fehér, A.Leonov, I. 
Kézsmárki, D. Grundler and A. Loidl, Phys. Rev. B 94, 014406 (2016). 
[23] S. A. Montoya, S. Couture, J. J. Chess, J. C. T Lee, N. Kent, M.-Y. Im, S. D. Kevan, P. 
Fischer, B. J. McMorran, S. Roy, V. Lomakin, and E.E. Fullerton, Phys. Rev. B 95, 224405 
(2017) 
[24] J. Iwasaki, M. Mochizuki and N. Nagaosa, Nature. Comm. 4, 1463 (2013). 
[25] R. Tomasello, E. Martinez, R. Zivieri, L. Torres, M. Carpentieri and G. Finocchio, Sci.re 
Rep. 4, 6784 (2014). 
[26] X. Zhang, M. Ezawa, Y. Zhou, Sci. Rep. 5, 9400 (2015). 
[27] W. Koshibae, Y. Kaneko, J. Iwasaki, M. Kawasaki, Y. Tokura and N. Nagaosa, Jpn. J. 
Appl. Phys. 54 053001 (2015). 
[28] H. Yang, A. Thiaville, S. Rohart, A. Fert and M. Chshiev, Phys. Rev. Lett. 115, 267210 
(2015).  
[29] B. Dupé, M. Hoffmann, C. Paillard, and S. Heinze, Nature Comm. 5, 4030 (2014).  
[30] S. Heinze, K. von Bergmann, M. Menzel, J. Brede, A. Kubetzka, R. Wiesendanger, G. 
Bihlmayer and S. Blüger. Nature Phys. 7, 713-718 (2011).  
[31] S. Meyer, B. Dupé, P. Ferriani, and S. Heinze, Phys. Rev. B 96, 094408 (2017).  
[32] I. Gross, L. J. Martínez, J.-P. Tetienne, T. Hingant, J.-F. Roch, K. Garcia, R. Soucaille, J. P. 
Adam, J.-V. Kim, S. Rohart, A. Thiaville, J. Torrejon, M. Hayashi, and V. Jacques, Phys. 
Rev. B. 94, 064413 (2016).  
[33] W. Jiang, P. Upadhyaya, W. Zhang, G. Yu, M. B. Jungfleisch, F. Y. Fradin, J. E. Pearson, Y. 
Tserkovnyak, K. L. Wang, O. Heinonen, S. G. E. te Velthuis, and A. Hoffmann, Science 349, 
283 (2015). 
[34] S. Woo, K. Litzius, B. Krüger, M.-Y. Im, L. Caretta, K. Richter, M. Mann, A. Krone, R. M. 
Reeve, M. Weigand, P. Agrawal, I. Lemesh, M.-A. Mawass, P. Fischer, M. Kläui, and G. S. 
D. Beach, Nature Mat. 15, 501-506 (2016). 
[35] C. Moreau-Luchaire, C. Moutafis, N. Reyren, J. Sampaio, C. A. F. Vaz, N. Van Horne, K. 
Bouzehouane, K. Garcia, C. Deranlot, P. Warnicke, P. Wohlhüter, J.-M. George, M. 
Weigand, J. Raabe, V. Cros, and A. Fert, Nature Nanotech. 11, 444-448 (2016). 
[36] W. Wang, Y. Zhang, G. Xu, L. Peng, B. Ding, Y. Wang, Z. Hou, X. Zhang, X. Li, E. Liu, S. 
Wang, J. Cai, F. Wang, J. Li, F. Hu, G. Wu, B. Shen, and X.-X. Zhang, Adv. Mater. 28, 6887 
(2016). 
[37] X. Z. Yu, N. Kanazawa, Y. Onose, K. Kimoto, W. Z. Zhang, S. Ishiwata, Y. Matsui, and Y. 
Tokura, Nature Mater. 10, 106-109 (2011). 
[38] Y. Tokunaga, X. Z. Yu, J. S. White, H. M. Røonnow, D. Morikawa, Y. Taguchi, and Y. 
Tokura, Nature Comm. 6, 7238 (2015). 
[39] T. Tanigaki, K. Shibata, N. Kanazawa, X. Yu, Y. Onose, H. S. Park, D. Shindo and Y. 
Tokura, Nano Lett. 15(8), 5438 (2015). 
[40] X. Z. Yu, M. Mostovoy, Y. Tokunaga, W. Zhang, K. Kimoto, Y. Matsui, Y. Kaneko, N. 
Nagaosa, and Y. Tokura, Proc. Natl Acad. Sci. USA 109, 8856–8860 (2012). 
[41] J. C. T Lee, J. J. Chess, S. A. Montoya, X. Shi, N. Tamura, S. K. Mishra, P. Fischer, B. J. 
McMorran, S. K. Sinha, E. E. Fullerton, S. D. Kevan, Appl. Phys. Lett. 109, 022402 (2016).  
[42] S. A. Montoya, S. Couture, J. J. Chess, J. C. T Lee, N. Kent, M.-Y. Im, S.D. Kevan, P. 
Fischer, B. J. McMorran, S. Roy, V. Lomakin and E.E. Fullerton, Phys. Rev. B 95, 024415 
(2017). 
[43] G. Yu, P. Upadhyaya, X. Li, W. Li, S. K. Kim, Y. Fan, K. L. Wong, Y. Tserkovnyak, P. K. 
Amiri, and K. L. Wang, Nano. Lett. 16(3), 1981 (2016).  
[44] O. Hellwig, A. Berger, J. B. Kortright, and E. E. Fullerton, J. Magn. Magn. Mater 319, 13 
(2007).  
[45] L. Belliard, J. Miltat, V. Kottler, V. Mathet, C. Chappert, T. Valet, J. App. Phys. 81, 5315 
(1997). 
[46] C. Kooy and U. Enz, Philips Res. Rep. 15, 7 (1960). 
[47] C. Kittel, Phys. Rev. 70, 965 (1946).  
[48] M. Kronseder, T. N. G. Meier, M. Zimmermann, M. Buchner, M. Vogel and C. H. Back, 
Nature. Comm. 6, 6832 (2014). 
[49] Y. Li, M. Farle and K. Baberschke, Phys. Rev. B. 41, 9596(R) (1990). 
[50] B. Roessli, P. Böni, W. E. Fischer and Y. Endoh, Phys. Rev. Lett. 88, 237204 (2002). 
[51] W. Legrand, D. Maccariello,
 
N. Reyren,
 
K. Garcia,
 
C. Moutafis,
 
C. Moreau-Luchaire,
 
S. 
Collin,
 
K. Bouzehouane,
 
V. Cros, and A. Fert, Nano Lett. 17, 2703 (2017). 
[52] J.-V. Kim and M.-W. Yoo, arxiv:1701.0857v2 (2017). 
[53] J. A. Cape and W. Lehman, J. Appl. Phys. 42, 13 (1971). 
[54] A. Thiele, J. Appl. Phys. 41, 1139 (1970) 
[55] C. Won, Y. Z. Wu, J. Choi, W. Kim, A. Scholl, A. Doran, T. Owens, J. Wu, X. F. Jin, H. W. 
Zhao and Z. Q. Qui, Phys. Rev. B. 71, 224429 (2005). 
[56] P. Sharma, H. Kimura, A. Inoue, E. Arenholz and J.-H. Guo, Phys. Rev. B 73, 052401 (2006). 
[57] M. Hehn, S. Padovani, K. Ounadjela, and J. P. Bucher, Phys. Rev. B 54, 3428 (1996). 
[58] J. Choi, J. Wu, C. Won, Y. Z. Wu, A. Scholl, A. Doran, T. Owens, Z. Q. Qiu, Phys. Rev. 
Lett. 98, 207205 (2007) 
[59] J. J. Chess, S. A. Montoya, T. R. Harvey, C. Ophus, S. Couture, V. Lomakin, E. E. Fullerton, 
B. J. McMorran, Ultramicroscopy 17, 78 (2017). 
[60] M. Belmeguenai,
 
J.-P. Adam,
 
Y. Roussigne, S. Eimer,
 
T. Devolder,
 
J.-V. Kim,
 
S. M. Cherif,
 
A. Stashkevich 
 
and A. Thiaville, Phys. Rev. B 91, 180405(R) (2015). 
[61] R. Lavrijsena, P. P. J. Haazen, E. Murè, J. H. Franken, J. T. Kohlhepp, H. J. M. Swagten, and 
B. Koopmans. Appl. Phys. Lett. 100, 262408 (2012). 
[62] K.-S. Ryu, L. Thomas, S.-H. Yang, and S. Parkin, Nature Nano. 8, 527 (2013). 
 
 
